Camera based in-process control for laser welding enables flexible image processing which allows the adaption of the system to different processes and quality features. A closed loop control system with a Cellular Neural Network Camera was implemented into a laser welding machine. The system is surveying the contour of the full penetration hole with a frame rate of over 10 kHz for both, acquisition and evaluation of area images. As a result the system reaches and holds the full penetration state automatically. This paper shows the latest experimental results including the extension to direction independent weldings.
Introduction
Error prevention and correction is a key to fast and reliable laser welding processes from automobile production to micro mechanics. Closed loop control systems can help to achieve high productivity and constant quality even under changing welding conditions. Camera based in-process control allows to employ algorithms for image processing which are widely independent of the exact process parameters, reducing the adaption effort for different applications compared to simple photo diode systems.
Unfortunately, most of today's conventional micro processor based image processing architectures [1] work at frame rates which are not sufficient for real-time camera based closed loop control of high speed laser welding.
With "Cellular Neural Networks" (CNN) it is possible to integrate processor elements in the electronic circuitry of CMOS cameras resulting in a Single-Instruction-MultipleData (SIMD)-architecture on the camera chip itself. Such pixel parallel systems provide extremely fast real-time image processing.
This article shows the potential of a closed loop control system based on CNN-technology. The system is surveying the contour of the full penetration hole with a control frequency in the multi kilohertz range. As a result the system reaches and holds the full penetration state automatically. [2] to be employed in such areas like image processing and pattern recognition. The basic circuit unit of CNNs is called a cell. Each cell can directly interact with its neighbouring cells since it is connected to them, and indirectly with the other cells due to propagation effects caused by the continuous-time dynamics of the CNN.
CNN-Technology

CNN have been introduced by Chua and Yang in 1988
An example of a two-dimensional CNN is shown in Fig. 1 . The CNN analogue implementation allows to perform parallel processing since each pixel has its own processor element and the cell interaction occurs in a really short time determined by the time constant of the single cell. This makes the CNN one of the best approaches for real-time image processing. A more detailed description of the CNNtechnology is given in [2] , [3] , [4] and [5] . DOI:10.2961/jlmn.2011.02.0007
The Laser Welding Process
The relevant process for this paper is the keyhole welding of zinc-coated steel in an overlap-joint with solid state lasers. Fig. 2 shows the sketch of a longitudinal section of the laser welding process and the resulting image of a coaxial camera in the near infrared spectrum. The camera image shows the thermal radiation of the process in the range between 820 nm and 980 nm.
As one can see in Fig. 2 , the full-penetration quality feature is directly visible in the camera image as a dark area following the interaction zone of the laser. This is because the capillary is fully open at the bottom of the joining partners and thus there is no molten material that emits thermal radiation in this area. This was also observed in previous publications [6] , [7] . 
Experimental Setup
The welding experiments were carried out with a 2D laser scanner setup. The laser source for the experiments is a 6 kW, 1030 nm Trumpf TruDisk 6002 Yb:YAG thin disk with a 200 μm transport fibre. The laser scanner used -a Trumpf PFO-33 -was equipped with a 450 mm focusing optic which resulted in a focal diameter of 600 μm. The Eye-RIS CNN-camera system is adapted to the scanner optic through a 90° beam splitter, see Fig. 3 . Thus the camera perspective is coaxial to the laser beam. This allows an invariant field of view regardless of the scanner position. It is necessary to use an aligned lens system in order to achieve an appropriated region of interest (ROI) for the camera. For the experiments a lens system consisting of three achromatic lenses was designed to achieve an optical magnification β of about 4.6. In combination with an optical band-pass filter -transmission from 820 nm up to 980 nm -camera images with high quality can be achieved [3] .
Hardware and Algorithms
Camera Hardware
In the recent years, Cellular Neural Networks (CNN) based technologies were used to integrate massively parallel "Single Instruction Multiple Data" (SIMD) processor architectures in camera chips [14] [15] . Here, a system called Q-Eye developed by Anafocus [13] was used to execute the algorithms for the detection of the full penetration hole. The Q-Eye is a quarter CIF resolution fully programmable smart image sensor. It consists of 176 x 144 cells, each containing a processor merged with an optical sensor, memory circuitry and interconnections to the 8 neighbouring cells. This means that each pixel can both sense the corresponding spatial sample of the image and process this information in close interaction with other pixels.
The Q-Eye is part of the Eye-RIS camera which contains an additional FPGA based NIOS II processor by Altera to control the operation of the whole vision system and to analyze the information output of the SIS performing all the decision-making and actuation tasks.
Algorithm
As shown in earlier works [8] the intensity image of the laser interaction zone is rather constant for a large range of laser power and feeding rates. Therefore, a global threshold is applicable to binarize the images acquired during the welding process. An example of binarized image is shown in Fig. 4 (a). In the following algorithms to discriminate the full penetration hole by the execution of directional dilations are described [9] . Since they are based on basic local neighborhood operations [10] , they can be implemented and efficiently run on any CNN architecture. Fig. 4 shows the result obtained executing dilation from the top -right corner to the bottom -left corner of the binarized image [11] . The algorithm applies a constant threshold value to the source image and performs a dilating operations along the image diagonal. Afterwards, logical operations are executed in order to keep white pixels in the dilated area only, as described in Fig. 4 . At the end, the mask is applied in order to hide the noise due to the dilation of the external interaction zone edges. The algorithm and the application of the masking operation take a single image processing time of about 42 µs. Fig. 5 clarifies the principle of the algorithm [11] . 
Maskbuilder
The mask builder is a tool which automatically creates one mask at the beginning of the welding process in order to make the mask independent of the specific optical set-up. The idea is to estimate the position of the interaction zone centre in order to align the mask with the key hole. Let´s consider the example in Fig. 6 .
The first step consists in creating an initial mask, which is vertically divided in two regions (black and white) of the same size, as in picture (d). Afterwards, the source image (a) is binarized obtaining the picture (b) and the distance of the interaction zone centre from the image centre is estimated, as in (c). By this information, the initial mask is opportunely shifted in order to be overlapped to the interaction zone centre, as in picture (e). An example of masking operation is showed in (f). A more detailed description of the mask builder algorithm is given in [11] . 
Control System
As mentioned above, this paper deals with an algorithm implementation for closed loop tests; i.e. the CNN-camera system controls the laser welding machine. The available hardware therefore essentially consists of: the Q-Eye, a numerically controlled (NC) machine, the laser machine and the interface board. The NC machine is responsible for safety interlocks, laser ON/OFF signals and movement. The laser power is controlled by an analog voltage between 0 and 10 V which corresponds to 0 -100 % of the laser power. The interface board was built in order to receive a digital START/STOP signal from the NC machine and to control the laser power according to the pulse width modulation (PWM) signal received from the CNN-camera, see Fig. 7 . 
Closed loop control for full-penetration in a real welding process
As described above, the real-time control test employed the full-penetration quality feature. Therefore, fullpenetration is detected by the presence or absence of the dark area behind the laser interaction zone, as described in previous chapters. The actuating variable used was the laser power. The advantages of this actuating variable are the high dynamic of up to 10 kHz for Trumpf laser systems and the fact that it can be controlled by a simple analogue signal of 0 -10 V corresponding to a laser power output of 0 -100 %.
As further described in the chapters above, we were able to reach a control frequency of about 13.8 kHz. This was achieved without saving the camera images, which would have dropped the control frequency to approximately 3 kHz. The resulting benefits are described in the following subchapters [3] .
Comparison controlled vs. uncontrolled
The conventional way to achieve a proper fullpenetration weld is to regulate laser power or feeding rate until full-penetration is reached and add 10 % laser power as a safety factor.
Such a conventional uncontrolled full-penetration weld is shown in Fig. 8 . Typical for this process is the significant contamination of the bottom side of the joining partners with smoke residue and spatters. Furthermore, there are usually significant craters or even holes present especially at the end of the weld seam due to the deceleration of the machine axis at the end of the welding process. With the controlled full-penetration welding process one can see a completely different behaviour (Fig. 9) . Notable is the almost complete absence of smoke residue on the bottom side of the joining partners and the reduced spatter traces.
It is also visible that the Eye-RIS control system reduces the laser power automatically at the end of the weld seam when the feeding rate decreases to a halt. The laser power does not drop below under 2 kW because this is the minimum power preset for that experiment. This reduces the formation of craters and holes at weld termination [3] . 
Laser Power Adaption to Feeding Rate
The adaption of the laser power to feeding rate was tested by welding the same material at changing feeding rates between 3 m/min and 9 m/min. As Fig. 10 illustrates, the laser power was adjusted properly by the control system to the particular feeding rate. Fig . 11 shows the corresponding weld seams of speed variation in Fig. 10 . The full-penetration state was reached and maintained in all cases. 
Laser Power Adaption to Material Thickness
Experiments with changing thickness of the top sheet where carried out to test the ability of the control system to maintain the full-penetration at variable material thicknesses of the joining partners. Fig. 12 shows the positive step response of the control system to a change in the material thickness. The position of the thickness changing is marked in the diagram to measure the necessary time to change the laser power. With the control time and the power difference, it is possible to calculate the effective control speed of the system. For the experiments in Fig. 12 , an effective control speed between 23 kW/s and 39 kW/s was achieved. The effective control speed refers to the achievement of average power levels, not to the maximum power gradient, that is approximately 165 kW/s.
Exemplarily Fig. 13 shows the weld seams of two of the experiments out of Fig. 12 . The full-penetration was reached and maintained across the thickness step in the middle of the seam. The quality of the top and bottom side is good, without holes and penetration losses. 
Robustness against changing gap size
To test the ability of the control system to deal with variable gap sizes between the sheets, some tests were done with opening gaps from 0.0 mm to 0.6 mm at material thicknesses of 2 x 0.7 mm. Fig. 14 shows the graph of the controlled laser power for opening gaps. The gap has virtually no influence on the controlled laser power and the full penetration was ensured over the whole weld seam. Sample fix_04_166 suffered a "false friend" from the middle of the process. But the difference in the behaviour of the laser power was not very significant, which makes it hard to detect the "false friend".
Direction Independent Algorithm
A new algorithm for direction independent welding processes is currently in testing and optimization.
The so called Omnidirectional algorithm for welding processes is also based on local neighborhood operations and, therefore, it is expected to run efficiently on any CNN architecture.
The first step consists in enhancing the source image contrast by the application of sharpening filters. Afterwards, the resulting image is binarized with a global threshold like in the algorithm described in chapter 5.2. The second step consists in detecting the full penetration hole. At first, iterative morphological closings are executed, in order to fill the full penetration hole. The application of a logical XOR and a logical AND comes after, in order to keep white pixels in the hole area only. The last step is the noise reduction by the use of morphological openings and by the subsequent application of a mask. Fig . 15 shows some welding experiments with variable orientation. Simulations showed that Omnidirectional algorithm and masking operation lead to a single image processing time of about 110 μs. Hit rates of the image elaboration between 85 % and 98 % were reached in the simulation. More details can be found in [12] . The Omnidirectional algorithm offers good stability and repeatability, as illustrated in Fig. 16 . The federate of the whole weld seam was set to 5 m/min. Due to the limited dynamics of the mechanical axis of the xy-stage, the speed dropped to approximately 2 m/min in the circular section. The control system was able to follow the machine dynamics to maintain a suitable power level to achieve a sound weld.
A comparable test was performed to have speed steps with different heights. Fig. 17 shows results of the test where the linear segment was welded with different speeds between 3 m/min and 7 m/min. In the successive circular section the speed dropped to approximately 2 m/min. The control system was abele to reach the full penetration in the linear segment automatically and to reduce the power to a suitable value for the circular section. The repeatability was very high as can be seen in Fig. 17 where the power level in the circular section is almost the same for all experiments. 
Conclusion
The application of algorithms which exploit local neighbourhoods on CNN-architectures allows for a significant enhancement to the frame rate for camera based process control systems in laser welding. As for the fullpenetration quality feature, it was shown that a real-time control system, based on image processing with a CNNcamera, enables frame rates of up to 13.8 kHz for linear welding processes and up to 9 kHz for direction independent processes.
The major benefit for the laser welding process is a robust and fast contour detection of the rapidly changing full penetration hole. Based on this contour detection, an instant feedback signal for the laser power is generated. In that sense, the system marks the step from image based process monitoring to closed loop control systems which maintain the desired state of the process under a larger range of parameters. As demonstrated, the control system can handle different feeding rates as well as variable thickness of the joining partners.
The variation in thickness was limited in this study in the range of 0.7 mm up to 1.5 mm. In other publications like [16] and [17] experiments with material thicknesses of up to 2 x 2.5 mm were carried out successfully with this control system.
The quality of the controlled weld seam is better than the uncontrolled one. There is a significant reduction in smoke residue and spatters on the bottom side of the material. In addition, the laser power is automatically reduced at lower feeding rates at the end of the welding process thus effectively preventing the formation of craters and holes at the end of the weld seam.
The CNN-based control system has proved its ability to meet the requirements for real-time high speed camera based process control in laser welding. In further experiments and projects, the system will be improved to cover a wider variety of quality features and other processes.
